One sentence summary: Calcium ions were found to play a role of keystone in respiratory Complex I structure and an intracellular stabilization factor secures Ca 2+ in the enzyme.
INTRODUCTION
NADH:ubiquinone oxidoreductase (Complex I, EC 1.6.5.3) is the electron input enzyme in the respiratory chain of mitochondria and many bacterial species. It couples the electron transfer from NADH to ubiquinone to proton translocation across the membrane, thus generating electrochemical proton gradient used for ATP synthesis and other energy requiring processes in the cell. Therefore, Complex I plays a significant role in cellular energy production. Despite intensive studies, its molecular mechanism remains largely unknown because of the complexity of this large multisubunit enzyme. Complex I from Escherichia coli is only about half the size of mitochondrial Complex I and is composed of only 13 subunits vs. 45 (Hirst 2013; Zhu et al. 2015) of the mitochondrial enzyme. Besides, the bacterial enzyme has the advantage of relatively easy genetic modification, which makes it a perfect model to study the molecular mechanism of this redox proton pump (e.g. Belevich et al. 2011) . However, E. coli Complex I was found to be not very stable, it easily loses its activity at neutral and alkaline pH, which creates obstacles for its purification and limits the experimental conditions for elucidating the molecular mechanism. Revealing the reasons for the enzyme instability and finding conditions, which prolong the lifetime of active Complex I, would significantly advance research.
Previously we found that E. coli Complex I contains essential Ca 2+ , removal of which by chelators resulted in fast enzyme degradation (Verkhovskaya, Knuuti and Wikström 2011) . The analysis of X-ray structure of the hydrophilic domain of Thermus thermophilus Complex I revealed several divalent ions bound to single molecule. Three cations tentatively assigned as Ca 2+ are bound in the acidic groove, a negatively charged protein surface between the C-terminal domain of Nqo3 (NuoG in E. coli) and the rest of Complex I (Berrisford and Sazanov 2009 
MATERIALS AND METHODS

Bacterial growth and purification of Complex I
The Escherichia coli MWC215 (Sm R ndh::Cm R ) strain was grown in LB medium at 37
• C in a 25 L fermenter and harvested at the late exponential growth phase. The membranes for Complex I purification were prepared by passing the cells through an APV Gaulin homogenizer. Then Complex I was purified by two consecutive chromatography steps using DEAE-Trisacryl M (Bio-Sepra) anion exchanger columns and gel filtration on Superdex 200 prep grade (GE Healthcare), respectively, as described (Belevich et al. 2011) .
Bacterial growth and small-scale membrane preparation
The E. coli MWC215 (Sm R ndh::Cm R ) strain was grown in 700 mL LB medium at 37 • C in 3 L baffled Erlenmeyer flasks, at 230 rpm shaking speed, and harvested at the middle exponential growth phase. The inverted membrane vesicles for the activity measurements were prepared similarly as previously described (Euro et al. 2008 ).
Measurements of catalytic activity
Hexaammineruthenium (III) chloride (HAR) and decylubiquinone (DQ) reductase activities of purified or membrane-bound Complex I were measured by following NADH oxidation at 340 nm (ε = 6.2 mM −1 ·cm −1 ) in the basic buffer containing 25 mM HEPES-BTP, HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)/BTP(1,3-bis(tris (hydroxymethyl)methylamino)propane) pH 7.5, and 3.5 mM KCl. Concentrations of added substrates were 50 μM for DQ, 400 μM for HAR and 100 μM for NADH. For the measurements of the ubiquinone reductase activity of purified solubilized Complex I, the basic buffer was supplemented with 0.005% DDM (n-dodecyl β-d-maltopyranoside) and 20 nM bo 3 ubiquinol oxidase, and the reaction was initiated by the addition of Complex I.
Preparation of the ISF
The E. coli MWC215 (Sm R ndh::Cm R ) strain was grown in LB medium at 37
• C in a 25 L fermenter, harvested at the late exponential growth phase and suspended in buffer containing 20 mM HEPES/KOH, pH 7.0, 100 mM KCl, 2 mM MgSO 4 and 0.5 mM phenylmethylsulfonyl fluoride. The membranes were prepared by passing the cells through an APV Gaulin homogenizer. Unbroken cells and cell debris were removed by centrifugation at 11 000 g for 20 min, and membranes were sedimented from the supernatant by centrifugation at 200 000 g for 2.5 h. The obtained membrane pellet was suspended in 25 mM 2-(Nmorpholino)ethanesulfonic acid (MES)/BTP, pH 6.0, to protein concentration approximately 3 mg mL −1 and spun down again.
The supernatant was sequentially filtered through Vivaspin centrifugal filters (Sartorius, Göttingen, Germany), 10 and 3 MWCO kDa, respectively, then pH was adjusted to 7.5 by BTP. This solution containing stabilization factor was designated as ISF. Protein concentration in ISF was determined by Pierce BCA protein assay. MALDI-TOF MS (Ultraflex TOF/TOF, Bruker-Daltonics, Germany) analysis was performed in the University of Helsinki, Institute of Biotechnology, Proteomics Unit ( Fig. S1 , Supporting Information).
Measurements of Ca 2+ concentration were performed using PerkinElmer Inc. (Wellesley, United States) Perkin-Elmer atomic absorption spectrophotometer 3030. Dialysis of ISF was performed using Float-A-Lyzer G2 (MWCO 0.1-0.5 kDa) dialysis device (Sigma-Aldrich, USA) against the buffer containing 25 mM HEPES-BTP, pH 7.5.
RESULTS
Membrane-bound Complex I is subject to degradation that occurs during incubation at room temperature, 23
• C. The rate of the enzyme activity strongly decreases depending on protein concentration (Fig. 1) ; the more the membranes are diluted, the more pronounced is Complex I decay, e.g. less than 10% of activity remains in 1 h at concentration of 0.06 mg mL −1 , whereas the enzyme is fully active in this timespan at 5.6 mg mL −1 . Such a dependence of Complex I stability on membrane concentration indicates a presence of a compound in the membrane preparation that protects Complex I from the destruction. This compound should be weakly and reversibly bound. To find out what is the nature of a stabilization component we tested the natural, NADH:ubiquinone oxidoreductase, ( Fig. 2A) stabilize purified Complex I, albeit at rather high concentration, 10 mM (Sazanov et al. 2003 ). We did not observe an effect of Mg 2+ at concentration 0.5-1 mM, whereas Ca 2+ stabilizes Complex I at low concentrations; full effect was approached at 50-100 μM of CaCl 2 (half-maximal effect at 12 μM, see below and also Fig. S2B , Supporting Information). Alkali cations, K + and Na + , were clearly discriminated. In the presence of KCl, the activity was almost fully protected, although only at high concentration, 200-300 mM. In the presence of 300 mM NaCl, the activity was partially preserved. The results obviously indicate that calcium ions specifically maintain Complex I stability. However, [Ca 2+ ] required for a full effect is significantly higher than free calcium concentration in the cytoplasm (e.g. Gangola and Rosen 1987; Naseem et al. 2008) . This leads to the assumption of a compound that would play a role of Ca 2+ chaperone and stabilize Ca 2+ in Complex I at low concentration in a milieu. For a comparison, Escherichia coli membrane washing solution containing the stabilization factor, ISF, was prepared (see Materials and Methods) and tested at the same conditions ( Fig. 2A and B) . The incubation in 50% ISF resulted in the full preservation of DQ-and HAR-reductase activities. To exclude the possibility that loosely membrane-bound proteins that were detached upon the membrane washing preserve Complex I ISF was filtered through Vivaspin centrifugal filters. The efficiency of ISF was equal regardless of whether 3000 or 10 000 MWCO filters were used indicating that the molecular weight of the active compound is below 3 kDa. After the final filtration (3000 MWCO), ISF contains 0.16 mg mL −1 protein and only a number of polypeptides in a range of 0.7-1.6 m/z was identified by MALDI-TOF MS analysis (Fig. S1 , Supporting Information). No proteins with MW in the range 3-200 kDa were detected using SDS-PAGE. Twenty-four hours dialysis of ISF using dialysis device 0.1-0.5 kDa did not change the efficiency of ISF, which excludes the activating effect of inorganic salts and set the lower limit of the molecular weight of the active compound. Since Complex I is susceptible to damage at alkaline pH, the stabilization effect of ISF was tested in pH range 6.0-8.0 (Fig. 3) . Even at pH 8.0, when without additions ubiquinone reductase activity dropped to less than 10%, ISF retained it almost intact (Fig. 3A) . HAR reductase activity was less affected by alkaline pH; ISF also preserved it significantly (Fig. 3B) (Fig. 4B) . In general, the decomposition and stabilization of purified, solubilized Complex I occurred similar to that of the membranebound enzyme, although the former is more prone to decay. Diluted to 0.13 mg mL −1 with buffer at pH 7.5, Complex I lost quinone reductase activity almost completely in 20 min in the absence or presence of 0.5 mM MgCl 2 or MgSO 4 ; meanwhile, its activity retained for an hour if the buffer was accomplished with 0.5 mM CaCl 2 (Fig. 5A ). Alkali cations were much less efficient in maintaining of the isolated Complex I activity. High, 300 mM, KCl concentration preserved 40%-50% activity during 30 min, but 300 mM NaCl was almost inefficient. Just like for membranebound Complex I FMN had no action on the solubilized enzyme stabilization. ISF as well as dialyzed ISF well conserved solubilized Complex I activity (Fig. 5B) . Similar to membrane-bound Complex I, the stabilization of the solubilized enzyme required relatively low calcium concentration, half-maximal and maximal effects were achieved at 11 μM and 40 μM of CaCl 2 , respectively (Fig. 6 ).
DISCUSSION
Previously we have found that extraction of Ca 2+ from Escherichia coli Complex I by chelators resulted in the loss of activity and further degradation of the enzyme. Here, we show that Ca 2+ may dissociate spontaneously from Complex I under particular conditions, such as alkaline pH and dilution of the enzyme. The artificial activity of the enzyme, reduction of HAR, which takes place in the hydrogenase segment of the enzyme, shows substantially lower sensitivity to Ca 2+ loss than the natural, quinone reductase, activity that requires functioning of the entire molecule. This implies that the initial step of Complex I decay is the interruption of the electron transfer in the intraprotein electron transport chain after FMN reduction. Since the electron transfer rate is strictly dependent on the distance between redox centers, the cause of the activity inhibition could be a distortion in the arrangement of subunits bearing Fe-S clusters. The longest distance between Fe-S clusters in the chain is 16.9Å (N5 in Nqo3-N6a in Nqo9; Sazanov and Hinchliffe 2006) ; even a small increase of this distance would result in a drastic deceleration of the electron transfer. Further development of the enzyme deformation leads to its degradation. On the basis of obtained data, we propose that calcium ion or an ensemble of calcium ions could be considering as a keystone of the hydrophilic domain structure. Such interpretation is in a good agreement with the detection of Ca 2+ ions bound in the midst of the hydrophilic segment, on the boundary between Nqo3 and the rest of the Thermus thermophilus Complex I (Berrisford and Sazanov 2009 and Nqo3. Stability of T. thermophilus complex I is notably higher than that of E. coli; therefore, it was reasonable to assume that strongly associated with other subunits Nqo15 provides the enzyme steadiness (Hinchliffe, Carroll and Sazanov 2006) . It also can be proposed that Nqo15 secures essential Ca 2+ . Nqo15 is a small protein of 14 kDa, which is encoded in a locus separate from the nqo operon. No significant similarity by comparison its primary sequence with other ORFs in databases was found except ORFs encoding polypeptides of unknown function in bacterial species closely related to T. thermophilus (Hinchliffe, Carroll and Sazanov 2006) . However, Nqo15 was found to be structurally homologous to frataxins (Berrisford and Sazanov 2009) . Frataxins are small proteins suggested as iron chaperones or iron storage proteins; however, their role in cell metabolism is not entirely clear. Some data imply that frataxins may have also another function (see for a review Pastore and Puccio 2013). Reduced level of frataxin causes mitochondrial disfunction, accumulation of iron and oxidative damage in humans and results in the neurodegenerative disease, Friedreich's ataxia (see for a review (Chiang et al. 2017) . Escherichia coli protein containing the fold that shared by members of the frataxin family, CyaY, was suggested to be a component of E. coli Complex I (Pohl et al. 2007) . Nevertheless, the deletion of cyaY did not prevent the expression of completely assembled Complex I equipped with all known Fe-S clusters, although it caused a reduced Complex I production. This led the authors to conclude that CyaY is not an essential structural component but may transiently interact with Complex I (Pohl et al. 2007 ). On one hand, CyaY cannot be considered as a stabilization compound because it is 12 kDa protein, whereas the molecular mass of this compound determined here by filtration falls in the interval between 3 and 0.5 kDa, and MALDI-TOF MS analysis did not identify polypeptides larger than with 1.6 m/z. On the other hand, we cannot completely exclude CyaY role in Complex I stabilization because it could be truncated upon post-translational modification; at least the mature form of human frataxin is generated by proteolytic cleavage (Condo et al. 2007) . Also, important to note that CyaY is capable of binding not only iron ions but also Ca 2+ (Nair et al. 2004 ).
Nevertheless, the stabilization factor may be not a polypeptide; the determination of its nature requires different approaches and techniques. While further studies are therefore necessary for identifications of the stabilization factor, our work provides a powerful tool for stabilization Complex I in vitro and allows to take a fresh look on the role of calcium ions in Complex I structure.
